As integrated circuit dimensions continue to shrink, interconnect resistance ϫ capacitance (RC) delay becomes an increasingly serious problem. Fabrication of interconnect structures using copper wiring and low permittivity (low k) material to replace the traditional Al and SiO 2 interconnect technology is in high demand. 1,2 Among various low k materials, the organosilicates offer many properties of silica (SiO 2 ) such as hardness and thermal and dimensional stability. Methylsilsesquioxane (MSQ) represents an important member of this family. It exhibits a relatively low k value (k ϭ 2.6-2.8), is intrinsically hydrophobic, and shows reasonable mechanical hardness and exceptional thermal stability (in excess of 450ЊC). [3] [4] [5] For these reasons, MSQ represents an excellent candidate as an intermetal dielectric (IMD) for the multilevel interconnect architecture. However, there still are several issues when implementing MSQ into process integration. The greatest concern for low k polymer application is the "poisoned-via" issue. 6 Consequently, the etchback process has been extensively performed to avoid the problem of "poisoned-via." Surface planarization is a key technology during the manufacture of multilevel interconnects. The chemical mechanical planarization (CMP) process is satisfactory for the requirement of global topography planarization and etchback technology. 7, 8 An advantage of CMP spin-on-glass (SOG) films is that it is easy to control the final IMD thickness, because by capping oxides of different thicknesses after polishing SOG one can reach the target IMD thickness. 9 In the development of CMP low k dielectrics, [10] [11] [12] Forester et al. found that the polish rate of alkyl siloxane-based SOG was lower than that of plasma-enhanced chemical vapor deposition (PECVD) oxide or thermal oxide using conventional silica-based slurry only. 12 The polish rate of alkyl siloxane-based SOG is dependent on the organic content when using conventional oxide slurries. A higher Si-R/Si-O ratio in the SOG films induces a lower hydration reaction rate, leading to a lower polish rate. Several reports 13, 14 indicated that the use of new alkaline cerium oxide-based slurry and the introduction of additives 15 can greatly improve the removal rate for organic spin-on materials. However, much experimental data is needed to qualify such new consumables before adopting them into production. In addition, CMP includes kinetic mechanical abrasion and chemical etching reactions; it can cause destructive changes in the characteristics of the low k material. Therefore, the investigation of post-CMP characteristics such as electrical performance and desorption of constitution water should be emphasized much more for optimum CMP of low k materials.
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In this work, we have presented the characteristics of organic low k MSQ after the CMP process. The polishing of MSQ with conventional silica-based slurry is discussed first. Instead of developing new chemical slurries, tetramethylammonium hydroxide (TMAH) was added to commonly used silica-based slurries. In addition, its effects on the polish process were investigated comprehensively. Finally, an H 2 -plasma technique was implemented as a post-treatment for the CMP of low k MSQ.
Experimental
Unpatterned silicon wafers were coated with a single layer of MSQ film, and baked sequentially on a hot plate at 180ЊC for 2 min and at 250ЊC for 1 min. The resulting wafers were furnace cured at 400ЊC for 30 min. The CMP process was applied to the as-cured MSQ film. The CMP experiment was carried out on an IPEC/Westech 372M CMP processor. The wafer was mounted on a template assembly for a single 6 in. wafer during the polishing experiment. The most commonly used slurry for SiO 2 polishing is silica with potassium hydroxide (KOH) aqueous solution, called CABOT SS-25 slurry. Since low k MSQ is one group of siloxane-based SOG films, in our work, SS-25 slurry was thereby used for the MSQ polishing. In parallel, work was developed to increase the CMP removal rate and uniformity of MSQ in silica-based slurry. The addition of 0.1-0.2 M TMAH aqueous solution to commercial SS-25 slurry causes an increase in the CMP removal rate. The polishing parameters, such as down force, back pressure, platen and carrier rotation speeds, and slurry flow rate, were set to be 3-9 psi, 2-9 psi, 50-80 rpm, 60-80 rpm, and 150 mL/min, respectively. The thickness and refractive index of all samples before and after CMP polishing were measured using an n&k 1200 analyzer by means of light interference effects in MSQ film.
Subsequently, the polished wafers were transferred to a PECVD chamber for H 2 -plasma post-treatment. The H 2 -plasma was operated at a pressure of 300 mTorr and with a hydrogen gas flow rate of 300 standard cubic centimeters per minute. A radio frequency power of 110 W, which established the hydrogen plasma, was applied to the upper electrode, and the wafers were placed on the bottom by the grounded electrode, which can be rotated for improving uniformity, at a substrate temperature up to 300ЊC. The structural properties of the MSQ films were studied using Fourier transform infrared spectroscopy (FTIRS). The surface morphologies of the polished films were investigated by atomic force microscopy (AFM). Thermal de-
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sorption spectroscopy (TDS) was carried out to monitor the desorbed elements from post-CMP MSQ films during the high temperature process. Electrical characterizations of post-CMP MSQ films were performed on the metal-insulator-semiconductor (MIS) capacitor with metallic aluminum deposition as the top electrode. Leakage current-voltage and capacitance-voltage characteristics were also used to analyze the leakage current behavior and measure the dielectric constants of post-CMP MSQ films, respectively.
Results and Discussion First, the CMP of organic MSQ using commercial silica-based slurry SS-25 is discussed. Figure 1 illustrates the variation of removed thickness vs. polish time. The CMP removal rate of MSQ with 22% organic content is about 100 Å/min. A large fluctuation in the film thickness of MSQ is also observed. This indicates that the polishing rate of organic MSQ with commonly used oxide slurries is rather low, which thereby leads to poor surface topography and nonuniform film thickness. Generally, an increase in the down force and platen speed can enhance the hydration reaction of Si-O bonds and accelerate CMP removal rate. However, in our case, the polishing rate of the organic MSQ film still remains low due to high chemical durability, even by increasing the down force and platen speed of CMP, as shown in Fig. 2 . It can be regarded as a chemical-reaction-limited rather than a mechanical-reaction-limited process. This result is also consistent with the result of Forester et al. 12 that organic content in low k films inhibits the hydration reaction during the CMP process.
It is well known that only if both chemical and mechanical actions work simultaneously can a successful CMP process be achieved. To increase the polishing rate, TMAH was added to SS-25 slurry to enhance the hydration reaction between abrasive and organic components in the MSQ film. The resultant solution pH is in the range of 11-12, higher than that of SS-25 slurry alone (about 10.2-10.4). Figure 3 shows the removed thickness of CMP MSQ with and without TMAH additive, at the same polishing parameters. A higher CMP removal rate (about 1200 Å/min) is observed at the slurry with higher pH, which suggests that a more basic environment enhances the chemical alteration of the MSQ surface. In addition, the thickness fluctuation in the case of polishing MSQ using TMAH additive is slight compared to the CMP of MSQ with SS-25 slurry only. This is consistent with AFM observation. Figures 4a and b show the surface roughness of MSQ after the CMP process with and without TMAH additive, respectively. The surface roughness of polishing MSQ with TMAH additive is significantly less than that of CMP MSQ with SS-25 slurry only, implying a more uniform dissolution and removal occurring on the surface of organic MSQ. This CMP mechanism is simply described as follows. TMAH is a kind of surfactant that has both hydrophilic and hydrophobic groups in its molecular components. In aqueous solution, the ammonium hydroxide ion pairs adsorb on the hydrophobic MSQ surface, which results in the pH increasing locally on the surface. The hydration reaction between MSQ and TMAH is illustrated further in Fig. 5 . 15 The addition of TMAH surfactant into SS-25 slurry is capable of initiating hydration reactions to break the siloxane bonds (i.e., Si-O-Si net- work) in MSQ and helps slurry particles bond with MSQ through TMAH. Meanwhile, the mechanical force during the CMP process provides another energy to enhance moving the slurry particles away, which is associated with the breakdown of the backbone of MSQ. With the enhanced hydration reaction and the assistance of the proceeding mechanical event, a high-speed CMP removal rate of organic MSQ can be obtained.
Furthermore, the electrical characteristics of post-CMP MSQ were investigated to evaluate the impact of the CMP process on MSQ. Figures 6a and b show the leakage current and dielectric constant of MSQ after the CMP process with and without TMAH-containing slurry. The electrical properties of post-CMP MSQ are all degraded whether the MSQ films are polished with TMAH additive or not. The leakage current of post-CMP MSQ increased as much as one order of magnitude from that of pre-CMP MSQ. The dielectric constant of post-CMP MSQ increased from the as-cured value of 2.6 to 2.86 as well, as shown in Fig. 6b . In addition, both the leakage current and dielectric constant of post-CMP MSQ with TMAH-containing slurry increased slightly over that of CMP MSQ without TMAH additive. These degradations on electrical characteristics are due to damages from kinetic mechanical abrasion and slurry chemicals during the CMP process. The enhanced hydrolysis reaction of MSQ due to the addition of TMAH should be especially responsible for more degradation in electrical characteristics. This also offsets the partial advantage of using TMAH additive. 
To address the issues for electrical degradations, we applied H 2 -plasma post-treatment on post-CMP MSQ. Figures 7a and b show the leakage current density and dielectric constant of post-CMP MSQ treated with H 2 -plasma for 3-9 min. Both the leakage current and dielectric constant of post-CMP MSQ obviously decrease and approach a state similar to that of pre-CMP, with increasing H 2 -plasma treatment time. This indicates that the electrical degradations of low k dielectrics are effectively restored using H 2 -plasma post-treatment. These significant improvements in the electrical characteristics of post-CMP MSQ can be interpreted by material analyses. Figure 8a shows FTIR spectra of post-CMP MSQ before and after H 2 -plasma treatment. An enlargement of the 2400-2100 cm Ϫ1 region for Fig. 8a is shown in Fig. 8b. From Fig. 8a , it is first found that the intensities of the Si-C bond peak and C-H bond peak are slightly reduced in comparison with those of pre-CMP MSQ. Meanwhile, no other bonds generate except the reduction of function groups. The destruction of functional bonds from mechanical abrasion and slurry chemicals during the CMP process leaves many dangling bonds in post-CMP MSQ. These dangling bonds are unstable sites in dielectrics, which tend to react with moisture at ambience and inevitably lead to increased leakage current and dielectric constant. This is also consistent with the electrical performance, as mentioned above. In contrast, the peak of Si-H bonds appears gradually, and the intensity increases with increasing H 2 -plasma treatment time, as shown in Fig. 8b . The appearance of Si-H bonds is confirmed from H 2 -plasma post-treatment. By applying H 2 -plasma treatments, many active hydrogen radicals are generated and effectively passivate the dangling bonds either on the surface or in the bulk. 16 It is thought that a porous MSQ structure is helpful for the diffusion of hydrogen atoms with small volume. Consequently, the bulk signal of the Si-H peak is detected by FTIR. Since the formation of hydrogen-rich pas- sivation makes post-CMP MSQ surfaces hydrophobic, 17,18 the probability of moisture absorption is effectively reduced. TDS analysis can confirm the above inference. Figure 9 shows the temperature dependence of moisture desorption from post-CMP MSQ with and without H 2 -plasma-treatment. The moisture content from H 2 -plasma treated MSQ is lower than that of MSQ without H 2 -plasma treatment. This indicates that the H 2 -plasma treatment effectively forms a passivation layer to prevent moisture absorption in the MSQ film. The leakage current and dielectric constant of post-CMP MSQ are thereby decreased due to the reduction of polar water molecules. Conclusions Alkyl content in dielectrics greatly reduces CMP removal rate, and it is difficult to achieve uniform polishing across the wafer when using commercial silica-based slurries. We have reported an efficient CMP process for organic low k MSQ as IMD material. Instead of developing new slurries, the commonly used SS-25 slurry associated with TMAH surfactant can accelerate the polish rate of organic MSQ. The CMP removal rate of organic MSQ is promoted from approximately 100 to 1200 Å/min since TMAH can enhance the hydration reaction between slurry and MSQ films. However, dielectric degradation occurs after the CMP process due to mechanical abrasion and chemical hydrolysis reaction. We applied H 2 -plasma post-treatment to passivate dangling bonds in post-CMP MSQ. The formation of a SiиH-containing passivation layer prevents post-CMP MSQ from moisture absorption. Therefore, the degraded properties of post-CMP MSQ can be significantly restored employing a hydrogen plasma technique. 
